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Metabolic feedback from the periphery to the brain results from a dynamic physiologic fluctuation of nutrients and hormones, including glucose and fatty acids, ghrelin, leptin, and insulin. The specific interactions between humoral factors and how they influence feeding is largely unknown. We hypothesized that acute glucose availability may alter how the brain responds to ghrelin, a hormonal signal of energy availability. Acute glucose administration suppressed a range of ghrelininduced behaviors as well as gene expression changes in hypothalamic neuropeptide Y (NPY) and agouti-related peptide (AgRP) neurons after ghrelin administration. Knockdown of the energysensing molecule AMP-activated protein kinase (AMPK) in AgRP neurons resulted in loss of the glucose effect, and mice responded as though pretreated with saline. Conversely, 2-deoxyglucose (2-DG), which decreases glucose availability, potentiated ghrelin-induced feeding and increased hypothalamic NPY mRNA levels. AMPK knockdown did not alter the additive effect of 2-DG and ghrelin on feeding. Our findings support the idea that computation of energy status is dynamic, is informed by multiple signals, and responds to acute fluctuations in metabolic state. These observations are broadly relevant to the investigation of neuroendocrine control of feeding and highlight the underappreciated complexity of control within these systems. (Endocrinology 159: [3605] [3606] [3607] [3608] [3609] [3610] [3611] [3612] [3613] [3614] 2018) G hrelin is a hormone primarily released from the stomach that acts on its cognate receptor, the growth hormone secretagogue receptor (GHSR), to stimulate growth hormone release, food intake, and adiposity (1, 2) . GHSR shows ;90% coexpression with orexigenic agoutirelated peptide (AgRP)/neuropeptide Y (NPY) neurons in the arcuate nucleus of the hypothalamus (ARC) (3) . The canonical pathway for ghrelin to stimulate feeding is through increasing activity at these neurons, although ghrelin administered directly to other brain areas can also induce feeding (4) . Ghrelin also drives an increase in body weight and adiposity by suppressing peripheral energy expenditure and inducing lipogenesis, an effect that occurs independently of food intake (5) .
Ghrelin is released in anticipation of meals and during fasting and acts to convey a state of energy deficit to the brain. Although ghrelin's role is generally understood as an initiator of feeding and body weight gain, in the context of sustained energy deficit its true physiological role appears to be a more complex integration of homeostatic and behavioral mechanisms. Indeed, GHSRs are found throughout the brain (6) , which enables ghrelin to act in a coordinated way to protect the organism during energy deficit and while working to shift the animal toward metabolic safety. These mechanisms include maintaining blood glucose levels during fasting and severe calorie restriction (7), increasing food seeking (8) , learning and reward (9) , increasing fat storage independent of feeding (5), controlling the stress axis and reducing anxiety (10) , and increasing cell survivability in models of neurodegeneration (11) (12) (13) . These ghrelin-mediated functions provide an animal with the physiological and behavioral skills (resilience, motivation, and learning) to survive periods of relative food scarcity.
The way in which the body communicates energy deficit to the brain is not limited to a simple increase in plasma ghrelin. Numerous hormones and nutrients combine to give a metabolic signature of energy deficit to the brain. This includes, but is not limited to, high ghrelin (1), high fibroblast growth factor 21, nonesterified fatty acids and ketone bodies (14) , and high asprosin (15) as well as physiological reductions in leptin (16) , insulin, and glucose (17) . This illustrates that a range of short-and long-term signals of energy availability provide the brain with ongoing, flexible feedback regarding nutrient status.
Glucose sensing is one way the brain gains information about acute energy state. Glucose-sensing neurons are found throughout the brain, including in the ARC. The AgRP neurons of the ARC are inhibited by glucose (18) and highly responsive to ghrelin, and ghrelin receptor signaling on these neurons mediates ghrelin's glucoregulatory actions and contributes to its feeding effects (19) . These neurons are responsible for directing a coordinated response to energy deficit that is largely driven by ghrelin signaling (20) . They are well positioned to integrate other feedback signals from the periphery to provide a first point of central integration of metabolic information.
Many studies have demonstrated that chronic exposure to high-fat diet leads to the brain failing to respond to hormonal signals of energy availability such as leptin, insulin, and ghrelin. Conversely, caloric restriction is associated with increased sensitivity to both leptin and ghrelin. Whether acute fluctuations of the most available fuel source, glucose, also influence sensitivity to hormonal signals is not known. AMP-activated protein kinase (AMPK) is an energysensing molecule that is important in both glucose sensing and ghrelin sensing. It is regulated by glucose, and modifying AMPK sensing within the hypothalamus leads to altered sensing of metabolic states and metabolic hormones. AMPK signaling in AgRP neurons regulates the response to ghrelin (21) and glucose (22) . AMPK activity in the hypothalamus is inhibited by high leptin, insulin, or glucose and by refeeding after a fast. Additionally, provision of a constitutively active form of AMPK in the medial hypothalamus (primarily arcuate, dorsomedial, and ventromedial nuclei) results in reduced sensitivity to leptin's food-suppressing effects, indicating that AMPK activity is key in transducing signals of energy homeostasis (23) . Thus, there is good evidence that AMPK acts to integrate signals of metabolic need and to promote appropriate physiological compensation.
The traditional view is that AMPK activity is regulated by AMP binding to the g subunit, generally as a result of a high AMP/ATP ratio resulting from low available glucose to form ATP through respiration. When bound to AMPK, AMP maintains the activated state by allowing phosphorylation of Thr172, inhibiting dephosphorylation at the same site and promoting allosteric change (24) . In this paradigm, both glucose and 2-deoxyglucose (2-DG) indirectly effect AMPK activity, with glucose inhibiting AMPK activity by promoting high ATP levels and 2-DG activating it by inhibiting ATP synthesis. However, in addition to this canonical mechanism, several other known or suspected modes of activation exist: binding of ligands between the a and b subunits (25) , activation by the Ca 2+ / CaMKKb pathway through increased intracellular calcium (26) , and glucose sensing independent of adenine nucleotide levels (27) . AMPK is a highly conserved and complex signaling molecule whose role in cellular signaling and energetics is not well understood, but its overarching role seems to be to promote energy homeostasis through a number of complementary pathways (24) .
We modulated acute glucose availability using hyperglycemia or glucopenia induced by 2-DG or the ability to sense glucose in AgRP neurons by knocking down AMPK. We then investigated how these changes modified the response to ghrelin, a key signal of negative energy balance.
Methods

Mice
C57Bl/6J male mice or AgRP-cre male mice on a C57Bl/6J background (8 to 10 weeks old) were bred at Monash Animal Services. All mice were maintained on a 12-hour light: 12-hour dark cycle at 23°C and 50% to 70% humidity. Mice were fed a standard chow diet with 4.8% calories from fat (Rat and Mouse cubes; Specialty Feeds, Glen Forrest, WA, Australia). Experiments were conducted in accordance with the Monash University Animal Ethics Committee guidelines and the Australian Code for the Care and Use of Animals for Scientific Purposes Eighth Edition (2013). AgRP-cre mice were originally obtained from Jackson Laboratories and maintained by Monash Animal Services with backcrossing to C57Bl/6J every eight generations.
Surgery
All surgeries were performed under general anesthesia using isoflurane (5% induction, 2% maintenance in oxygen). Mice were anesthetized using 5% isoflurane in oxygen in an induction chamber and maintained on 2% isoflurane delivered by face mask. All mice had eye ointment (Lacri-lube; Allergan, Gordon, NSW, Australia) applied immediately after loss of consciousness. After surgery, the animals received a subcutaneous dose of 5 mg/kg meloxicam (Metacam; Boehringer Ingelheim, MacQuarie Park, NSW, Australia) in a volume of 1 mL/kg and were maintained on a heated pad until full recovery.
Drugs
IP injections
Ghrelin (PolyPeptide Group, Strasbourg, France) was administered at 0.3 mg/kg in saline. 2-DG (Sigma-Aldrich, Castle Hill, NSW, Australia) was administered at 250 mg/kg in saline. D-Glucose (Sigma-Aldrich) was given at 2.25 g/kg in distilled water (10 mL/kg) to limit hypertonicity of the injection. Control mice for glucose injections received saline to avoid hypotonicity of the injection. Saline acted as vehicle for all drugs.
Intracerebroventricular injections
Ghrelin was given at 0.33 mg/mL in artificial cerebrospinal fluid (aCSF). aCSF was used as vehicle.
Intracerebroventricular cannulations
Mice were placed in a stereotaxic frame (Stoelting, Wood Dale, IL), and the scalp was resected to reveal the skull. A 26-G cannula (Plastics One Inc., Roanoke, VA) aimed at the lateral ventricle (coordinates relative to bregma in mm: posterior 20.7, lateral 61, ventral 22.2) was implanted. Cannulae were fixed to the skull using light-curing dental cement (G-bond and G-aenial Universal Flo; GC, Henry Schein Halas, Parkville, VIC, Australia). After surgery, mice were given Metacam as a postoperative analgesic and allowed to recover for at least 7 days before experimentation. Cannula placement was histologically verified post mortem.
Adenoviral injections
Mice were placed in a stereotaxic frame, and the scalp was resected to reveal the skull. Two holes were drilled through the skull above the ARC. A 2-mL Neuros Hamilton syringe was aimed at the ARC (coordinates relative to bregma in mm: posterior 21.7, lateral 60.3, ventral 26.0) and carefully lowered through the brain. An automatic syringe pump (Stoelting) was used to deliver 200 nL of virus into a single side of the ARC. The infusion took place over 4 minutes, and the needle was left in place for another 4 minutes to aid diffusion into the brain tissue. The needle was then slowly removed and repositioned over the contralateral ARC, and the procedure was repeated. After the second injection, the wound was sutured, and Metacam was administered immediately after surgery and then up to twice daily as needed for the following 3 days. The mice were allowed to recover for 2 weeks before experimentation. We used a previously validated cre-dependent adenoassociated virus (AAV), which coexpresses mCherry and a dominant-negative (DN) kinase-dead a2 subunit preceded by a double-floxed inverted open reading frame (AAV-DIO-DN-AMPK). This kinase-dead subunit competes with endogenous a2, resulting in lowered arcuate a2 AMPK activity in this model (28) .
Feeding experiments
All mice were fed ad libitum, and feeding experiments were conducted in the middle of the light phase. Mice were weighed, glucose or 2-DG (or saline) were injected, food was removed, and mice were returned to their home cage. Thirty minutes later, mice were injected with either ghrelin or saline, and a weighed amount of food was returned to the cage. Food intake was assessed over a 2-hour window.
Operant conditioning
Mice were housed on a reverse light/dark cycle, implanted with intracerebroventricular (ICV) cannulae, and then food restricted to ;70% of daily caloric intake for 3 days before training began. Mice were trained to lever press for a 10% sucrose solution fixed ratio 1 schedule (5 mL per delivery) over a 90-minute session as previously published (29) . Mice continued on this schedule for 7 days, when stable responding was achieved. During this time mice were acclimated to procedures for ICV and IP injections. Experimental days mirrored the food intake experiments. Mice were injected with either 2-DG or vehicle or with glucose or vehicle and returned to their home cage without food. Thirty minutes later, mice were injected ICV with glucose or aCSF in batches of five and placed briefly back into their home cage to allow for all five mice in a batch to be injected. Mice were then placed in the operant chambers, and recording started for all five mice at the same time. Mice remained in the chambers for 90 minutes, and active and inactive lever responding was recorded. Mice were returned to their home cage after the 90-minute test. All test days were interspersed by at least 2 days of nontreated operant responding to ensure mice maintained stable baseline responding.
Data analysis
All data were analyzed using Graphpad Prism software. Student t tests and two-way ANOVAs with Tukey post hoc tests were used as appropriate. Details of the tests and significance levels are provided in the figure legends.
Results
Acute glucose suppresses ghrelin-induced feeding, operant responding, and hypothalamic mRNA expression
We examined if high blood glucose, as an acute signal of energy surplus, could alter the efficacy of ghrelin to induce feeding. Thirty minutes after IP injection in fed mice, blood glucose levels were almost doubled in glucose-injected mice compared with saline-injected control mice (Fig. 1B) . We then administered ghrelin either IP (Fig. 1C) or ICV (Fig. 1D) ; mice that had received glucose did not respond to ghrelin injection with feeding, a response that was robust in saline-treated mice. Glucose pretreatment also significantly reduced ghrelin-induced operant responding for 10% sucrose solution (Fig. 1E) , suggesting a possible effect on the motivational aspects of feeding. Quantitative PCR on hypothalamic explants taken 1 hour after ghrelin injection showed that glucose pretreatment completely suppressed induction of the orexigenic peptides AgRP (Fig. 1F) and NPY (Fig. 1G) . To confirm that this effect was directly mediated by glucose, we administered the glucose pretreatment ICV.
This also resulted in a significant reduction in ghrelininduced feeding (Fig. 1H) .
Acute 2-DG enhances ghrelin-induced feeding and hypothalamic mRNA expression
To induce low available blood glucose without withholding food and causing a range of adaptive responses, we administered 2-DG IP prior to ghrelin treatment. The protocol was the same as for the glucose experiments ( Fig. 2A) . Mice pretreated with 2-DG showed an increased response to ghrelin injection, eating approximately twice as much chow as mice pretreated with saline. This effect was the same for IP ghrelin (Fig. 2B) and ICV ghrelin (Fig. 2C) . We again assessed hypothalamic orexigenic peptide levels 1 hour after ghrelin injection and found that for NPY (Fig. 2D) there was a significant increase in mRNA expression compared with saline-treated mice.
AMPK knockdown in AgRP neurons abolishes glucose's ability to suppress feeding
Because AMPK is a critical sensor of cellular energy availability and is implicated in ghrelin signaling, we next examined whether AMPK is functionally necessary for glucose to suppress ghrelin signaling. We used a credependent AAV containing a DN construct designed to knock down AMPK expression and injected it directly into the ARC of the AgRP-cre mice (AgRP AMPK mice). The virus was tagged with an mCherry reporter, and a single injection resulted in good rostral/caudal spread of the virus (Fig. 3A) . After viral knockdown, we did not see a reduction in ghrelin's efficacy to induce feeding in AgRP AMPK mice (Fig. 3B ). 2-DG indirectly activates AMPK by suppressing ATP synthesis. We examined whether loss of AMPK in AgRP neurons affected 2-DG's ability to induce feeding in response to this metabolic emergency. Compared with AMPK GFP mice, AgRP AMPK mice showed a significantly attenuated feeding response to 2-DG injection, although they still ate significantly more than saline-injected AgRP AMPK mice (Fig. 3C ).
We next looked at the combined effects of glucose and ghrelin injection in mice with reduced AMPK activity in AgRP neurons. In mice injected with the control GFP virus, glucose pretreatment significantly suppressed ghrelin-induced feeding (Fig. 4A) ; however, this was not the case in AgRP AMPK mice, where there was no suppression of ghrelin's feeding effects (Fig. 4B) . We had previously seen an additive effect of 2-DG and ghrelin on feeding, and we wondered how AgRP AMPK mice would respond to this treatment. We did not see any effect of AMPK knockdown on the additive effects of 2-DG and ghrelin on feeding, with AMPK GFP and AgRP
AMPK
showing the same pattern of response ( Fig. 4C and 4D ).
Discussion
The way the brain computes energy status is only partially understood. It is clear from a number of studies that multiple inputs are needed to form an understanding of current energy state, and these then inform the countermeasures required to maintain energy homeostasis. The importance of individual signals may be enhanced or diminished depending on the overall humoral and neural picture. Here, we demonstrate that how the brain interprets ghrelin, the key hormonal signal of negative energy balance, can be influenced by acute glucose availability and that this is in part dependent on AMPK signaling in AgRP neurons (Fig. 5) . By acutely increasing blood glucose concentrations, we abolished ghrelin-induced feeding. This effect was consistent for IP-and ICVadministered ghrelin, both failing to elicit feeding in the presence of hypergycaemia. This effect extended to reduced operant responding for 10% sucrose solution, which implies that high blood glucose may be a salient signal for modification of motivational processes. Lever pressing for a reward involves mesolimbic processing (30) but can also be driven by AgRP neuronal activation (31) .
Ghrelin treatment is known to induce transcription of orexigenic feeding peptides in the ARC (32) , which we also demonstrated. Pretreatment with glucose suppressed this effect, showing that downstream effects of ghrelin action within the hypothalamus are sensitive to acute nutritional change. To ascertain whether glucose was acting directly on glucose-sensing neurons, we administered glucose directly into the brain. ICV administration of glucose reduced the effect but did not abolish it, as in previous experiments. This could be due to a contribution of peripheral effects or to insufficient penetration or concentration within the brain after ICV administration. Peripherally, insulin rises after an increase in blood glucose and can have central anorectic effects, although this increase is relatively small after IP administration (33) . We administered glucose IP to avoid GLP-1 release and the incretin effect, which leads to a greater insulin excursion (34) . With both GLP-1 and insulin able to act centrally to reduce feeding, we wanted to avoid this complicating factor. Because ICV glucose was able to recapitulate much of the suppressive effect of IP glucose, it appears our results are, to a large extent, glucose dependent. Our results clearly establish a role for a direct action of glucose on central ghrelin sensing and/or processing. 2-DG has been used experimentally to induce low available glucose, or glucopenia, for a long time. 2-DG has a hydrogen in place of the 2-hydroxyl, meaning the molecule cannot undergo further glycolysis (35) . It then competitively inhibits conversion of glucose to ATP, resulting in reduced cellular ATP levels and causing a "metabolic emergency" that is centrally sensed and responded to. As expected, 2-DG itself increased feeding (36), but, more interestingly for us, ghrelin and 2-DG had an additive effect on food intake, suggesting that the reduction in available cellular energy primes the system to respond more strongly to the ghrelin signal. At a transcriptional level, we noticed changes in NPY mRNA that reflected the increases in food consumption. This reflects previous findings that NPY is critical in mediating the response to glucoprivic feeding (37) . In vivo, low available blood glucose is a strong signal that things are not metabolically normal. The different methods for inducing a hypoglycemic or glucopenic event are all problematic because they all induce counter-regulatory or side effects that may then affect central processing themselves. That is to say, there is some discrepancy between available methods for experimentally inducing low glucose availability and physiological energy deficit. In response to 2-DG administration, blood glucose rises through the actions of adrenal catecholamines and adrenaline on liver, pancreas, and adipose tissues (38) . In spite of these effects, the strength of 2-DG over exogenous insulin or fasting is that it provides a relatively isolated signal of glucose availability. Inducing hypoglycemia by giving insulin, which is an anorectic signal, would confound the concept of hypoglycemia as the driving force. Fasting is the ultimate model of energy deficit, but the humoral blueprint of the fasted state is broader than just low glucose and high ghrelin, and it is, in fact, this complexity we are trying to unravel.
AgRP neurons are crucial effector neurons for regulating body weight and feeding; loss of AgRP neuronal function underlies ghrelin resistance after high-fat diet feeding (39) . Therefore, we speculated that AgRP neurons might be responsible for mediating the effects we saw. AMPK is a well-known nutrient sensor, important in signaling glucose availability and downstream effects of ghrelin, and thus is a logical target for mediating a combined effect of these two factors on feeding. We created AgRP AMPK mice by using a credependent AAV to selectively reduce the amount of available AMPK in AgRP neurons. The DN construct encodes for a kinase dead (K45R) a2 subunit, which competes with the endogenous a2 subunit, resulting in reduced AMPK activity in AgRP neurons. These mice showed no changes in ghrelin sensitivity under normal conditions, indicating that AMPK activity in AgRP neurons is not critical for transducing the circulating ghrelin signal into a feeding response in normal mice fed ad libitum. Others have shown that Compound C given ICV is capable of reducing ghrelin-induced feeding (40) . ICV administration reaches a much broader population than AgRP neurons, and Compound C is not selective for AMPK (41) . However, we did see changes in the way mice responded to ghrelin when pretreated with glucose. AgRP GFP mice showed an attenuated response to ghrelin when pretreated with glucose, similar to C57Bl/6 mice, suggesting that acute glucose availability suppresses ghrelin's ability to signal hunger. In AgRP AMPK mice this was no longer the case, and we saw a complete reinstatement of ghrelin-induced feeding. This indicates that AMPK is needed for glucose to be able to shut down the response to circulating ghrelin. When we tested 2-DG in the AgRP AMPK mice, we found that they were less sensitive to the feeding effects of 2-DG compared with AgRP GFP mice. The hyperglycemic response to 2-DG is present in decerebrate rats where the hindbrain is surgically disconnected from the forebrain, so the counter-regulatory response to 2-DG is clearly generated more broadly than the hypothalamus (38) . Decerebrate rats do not voluntarily eat, so the hypothalamic connection is clearly needed to facilitate glucoprivic feeding. Our results show that, although glucoprivic feeding is present in AgRP AMPK mice, it is attenuated, so there is a role for AgRP neurons in mediating the full orexigenic response. This is supported by previous findings that NPY knockout mice show reduced feeding after 2-DG administration (37) . However, there were no differences in the way AgRP AMPK and AgRP GFP responded to the combined treatment of 2-DG and ghrelin, with the two groups showing remarkably similar patterns of responding. This seems to indicate that AMPK signaling in AgRP neurons is not required for the additive effects of ghrelin and 2-DG on feeding. Considering the widespread nature of the GHSR and the ubiquitous nature of AMPK, this is not surprising.
Whether the additive effects of 2-DG and ghrelin on feeding are AMPK dependent more globally is unanswered, but aspects of AMPK biology suggest it may still be important. Recently, a new role for AMPK in glucose sensing independent of AMP/ATP ratio has been described (27) . Perhaps the most interesting aspect of this mechanism is that low glucose availability both activates AMPK and primes it for further action, thus putting gain into the system (27) . This may then be exploited by other AMPK-utilizing substrates if energy levels continue to fall or if the brain receives information that this is the case, as with exogenous ghrelin administration. Whether this mechanism may be important in non-AgRP cells remains to be elucidated.
Glucoprivic potentiation of ghrelin-induced feeding occurs independently of AMPK signaling in AgRP neurons. Given the state of metabolic emergency that 2-DG induces in the brain, having a broader response to this insult seems biologically prudent. Indeed, this reflects a repeating theme in the neural control of feeding behavior, where mechanisms that suppress feeding are weaker or less global than those that potentiate it. This is likely due to the evolutionary context where reduced food availability was a far larger problem than food surplus. Overall, the current data show that acute energy availability, in the form of glucose, influences how the brain responds to ghrelin, another signal of energy status. These findings provide further evidence for the idea that the brain computes a "metabolic snapshot" readout from a range of available information sources and then acts in an integrated way to restore energy balance.
Neuroendocrine feedback during an energy-deficient state involves a number of hormonal and nutrient changes. This has been underappreciated, and future studies need to consider the relevant physiological context when examining hormonal actions in the brain. To begin to address these complex questions, we studied the interaction between glucose and ghrelin in a broader regulatory context. Here we provide evidence that short-term regulation of the hormonal signal ghrelin is under regulation by acute blood and brain glucose levels. Hyperglycemia, Figure 5 . Schematic representation of the availability of glucose to augment the feeding response to ghrelin. Ca, calcium; CaM, calmodulim; CamKKb, calcium calmodulin-dependent kinase kinase b; FA, fatty acid; IRS1, insulin receptor substrate 1; JAK-2, Janus kinase 2; NADH, nicotinamide adenine dinucleotide; PDK1, phosphoinositide-dependent kinase-1; PI3K, phosphatidylinositide 3-kinase; PLC, phospholipase C; RTK, receptor tyrosine kinase; TCA, tricarboxylic acid.
as a signal of immediate energy surplus, is able to suppress the ability of ghrelin to induce feeding, motivated responding, and hypothalamic mRNA production. We show that the suppression of feeding is dependent on appropriate AMPK action in AgRP neurons, reflecting a key role for AgRP neurons to sense and respond to incoming information of energy surplus. This concept that an intact cellular energy-sensing machinery is required for AgRP neurons to accurately function as frontline metabolic sensors with the capacity to orchestrate a broad physiological response to metabolic disturbances is developing. Recently, we showed that mice lacking carnitine O-acetyltransferase in AgRP neurons are unable to finely regulate a number of metabolic processes (42) .
The dogma of AMPK as a "barometer" of AMP/ATP is a limited view of this complex signaling molecule. We and others have suggested that ghrelin signaling directly engages AMPK to regulate feeding circuits (43, 44) ; however, our current data suggest that this may not be case. We propose that instead AMPK facilitates cross talk between ghrelin and other signals of current energy availability, setting the metabolic tone of the AgRP cell, which is then able to potentiate or inhibit ghrelin signaling depending on energy status. Although outside the scope of this study, we hypothesize that insulin and leptin may similarly use AMPK to gauge the strength of the physiological response. Indeed, others have noted the variability of the effectiveness of these peptides on suppression of feeding (45) , and we propose that differences in baseline AMPK tone may be one explanation for this observation. AMPK is a highly conserved, multifaceted signaling molecule that is important in a number of cellular signaling processes relating to metabolic homeostasis. We show that AMPK in AGRP neurons is required for full appreciation of current metabolic state and offer further evidence that the brain reads metabolic state as the sum of available signals and responds to this integrated picture.
